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Abstract16
The evolution of plant virus transmission pathways is studied through transmission via17
seed, pollen, or a vector. We address the questions: under what circumstances does vector18
transmission make pollen transmission redundant? Can evolution lead to the coexistence of19
multiple virus transmission pathways? We restrict the analysis to an annual plant popula-20
tion in which reproduction through seed is obligatory. A semi-discrete model with pollen,21
seed, and vector transmission is formulated to investigate these questions. We assume22
vector and pollen transmission rates are frequency-dependent and density-dependent, re-23
spectively. An ecological stability analysis is performed for the semi-discrete model and24
used to inform an evolutionary study of trade-offs between pollen and seed versus vec-25
tor transmission. Evolutionary dynamics critically depend on the shape of the trade-off26
functions. Assuming a trade-off between pollen and vector transmission, evolution either27
leads to an evolutionarily stable mix of pollen and vector transmission (concave trade-off)28
or there is evolutionary bi-stability (convex trade-off); the presence of pollen transmis-29
sion may prevent evolution of vector transmission. Considering a trade-off between seed30
and vector transmission, evolutionary branching and the subsequent coexistence of pollen-31
borne and vector-borne strains is possible. This study contributes to the theory behind32
the diversity of plant-virus transmission patterns observed in nature.33
2
1. Introduction34
Plant viruses naturally spread through three main transmission pathways: pollen, seed,35
and vector. Many plant viruses have vectors, providing the means for horizontal trans-36
mission from plant-to-plant (Gray and Banerjee 1999; Bragard et al. 2013). Although37
various organisms serve as plant viral vectors, insects represent the most important group38
(Hull 2014). Seed transmission (Sastry 2013) serves as a major route for long-distance39
dissemination, provides an initial local source of inoculum for spread by vectors, and40
through vertical transmission enables virus survival at times when vector populations crash41
or go locally extinct. Just over 100 plant viruses are known to be seed-borne (Revers42
and Garc´ıa 2015). Virus transmission through pollen is also known (Mink 1993; Card43
et al. 2007), which provides a pathway for an indirect form of vertical transmission, i.e.44
from an infected donor plant to the progeny of a healthy receptor plant. In addition pollen45
can provide a pathway for direct horizontal transmission. Finally, contact transmission46
can also occur, but there is little quantitative data on its occurrence in natural settings47
(Sacrista´n et al. 2011).48
Vector transmission requires an active association with the virus, unlike passive transfer49
of infected pollen by insects. Specific interactions between virus and vector factors occur50
regardless of the type of virus/vector association, i.e. non-persistent (virus on mouth-51
parts/stylet of vector leading to short term transmission) or semi-persistent (movement of52
the virus to the foregut) (Ng and Falk 2006; Blanc et al. 2011). For stylet-borne viruses53
the virus determinants for insect transmission reside on the viral coat protein (CP) (Ng54
and Perry 2004). Some viruses, such as potyviruses, even have an additional virus-encoded55
protein, helper-component proteinase (Pirone and Blanc 1996; Ng and Falk 2006) which56
acts as a bridge for direct interaction with receptors on the aphid stylet as well as viral CP57
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to facilitate vector transmission.58
Plant viruses combine seed, pollen, and vector transmission pathways in a diverse and59
puzzling manner, in which it is difficult to discern consistent trends. Appendix A reports60
contrasting patterns as represented in extant virus species, documented from the literature,61
although restricted to the case of positive-sense single-stranded RNA (+ssRNA) viruses62
known to infect hosts with an annual life history. Some plant virus species have no known63
vector (Table A.1), some others seem to be transmitted only by vectors (Table A.2), while64
the majority combine seed/pollen and vector transmission (Table A.3). Importantly, strains65
of the same virus species may be transmitted differently (Evans et al. 1970; Carroll 1972;66
Stewart et al. 2005).67
There may be a trade-off among modes of virus transmission. For instance, horizontal68
transmission rate is positively correlated with virulence (measured as the reduction in69
lifetime viable seed output of the host) in the Barley stripe mosaic virus (BSMV) - barley70
(Hordeum vulgare) system (Stewart et al. 2005). This suggests a trade-off between vertical71
(seed) and horizontal (vector) transmission in this virus species. Similarly in Cucumber72
mosaic virus (CMV) aphid (Aphis gossypii) transmission rate positively correlates with73
virus accumulation in tomato (Lycopersicon esculentum Mill.) (Escriu et al. 2000), whereas74
CMV virulence (measured as the negative effect of infection on plant fecundity) positively75
correlates with virus accumulation in Arabidopsis thaliana (Paga´n et al. 2014). Thus when76
vector transmission correlates positively with virulence (negatively with fecundity) less77
seed transmission can occur suggesting a trade-off between seed and vector transmission.78
In addition, sequence variation in viral motifs may enhance and reduce different modes79
of virus transmission thus leading to a direct trade-off among transmission modes. For80
example, it was shown that a single amino-acid substitution in the coat protein (CP)81
coding region of Soybean mosaic virus (SMV) can both enhance aphid transmission rate82
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and reduce seed transmission rate (p413-CP2mut; Jossey et al. 2013). More generally,83
there may be a trade-off between plant (pollen, seed) and animal (vector) transmission.84
In this paper we do not address whether vector transmission preceded seed/pollen85
transmission or the reverse. Rather we concentrate on the mechanisms enabling seed/pollen86
and vector transmission to coexist in an evolutionarily stable manner, be it at the individual87
level or at the population level. Also, we investigate under what circumstances vector88
transmission is selected against pollen/seed transmission or the reverse. In particular, do89
climatic or latitudinal changes (longer growing seasons) select for vector or pollen/seed90
transmission (Jansen and Mulder 1999; Garrett et al. 2006; Garrett et al. 2009)? Also,91
does host adaptation or breeding for tolerance (lower virulence; Boots and Bowers 1999;92
Jeger et al. 2006) select for vector or pollen/seed transmission?93
To study the ecological and evolutionary interplay between plant virus transmission94
pathways, we developed a semi-discrete model taking into account vector (horizontal),95
seed (direct vertical) and pollen (horizontal) transmission pathways. For simplicity, we96
restricted the model to an annual plant population, with the rationale that in annual plants,97
fertilization and seed production is obligatory for population persistence. This led us to98
express an epidemiological invasion threshold based on the basic reproductive number of99
the virus, taking into account different combinations of the transmission pathways. Next we100
explored the circumstances under which vector transmission is selected against pollen/seed101
transmission or the reverse.102
2. Ecological model103
We focus on annual plants with indeterminate flowering. More specifically, we assume104
that seed germination and seedling emergence occur on a shorter time scale than vegetative105
plant growth, flowering and seed set/maturation. Flowering may occur at any time during106
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the growth period, which therefore corresponds to the pollination period as well. At the107
end of the growth and pollination period, seeds drop, and eventually plant dies. Seeds that108
survive the overwintering period start a new cycle. We assume there is no seed bank.109
There are three methods for viral transmission to a host plant: infected vectors, infected110
pollen and infected seeds. Vector acquisition of virus and inoculation of host plants may111
occur during the growth and pollination period. Vector transmission therefore overlaps112
with pollen transmission. We also assume that virus infection of the plant quickly becomes113
systemic. In particular, the virus is assumed to quickly spread from the vegetative tissues114
of the inoculated plant to the seeds.115
Based on the transmission assumptions, a semi-discrete model is formulated (Mailleret116
and Lemesle 2009; Fabre et al. 2012, 2015). We model the annual life cycle, t to t+ 1, in117
two parts, the growth and pollination period t→ t+ τ and the survival and germination118
period t+ τ → t+ 1. During the growth and pollination period τ < 1 year, hereafter the119
growing season, a continuous-time model accounts for vector acquisition and inoculation120
of plants and pollen transmission. During the remainder of the year 1− τ , a discrete-time121
model accounts for seed survival and germination.122
Let H(t) and I(t) denote the densities of healthy and infected plants, respectively,123
at time t, the beginning of the growing season. The total plant density is denoted as124
T (t) =H(t) + I(t).125
To keep the model simple, we assume the virus/vector association is non-persistent126
(Gray and Banerjee 1999; Bragard et al. 2013) and leave vector dynamics implicit. Also,127
vector transmission is assumed to depend on the frequency of healthy plants, whereas128
pollen transmission is assumed to depend on the density (Appendix B; Thrall et al. 1995).129
Hence, the vector transmission rate per infected plant is βH/T and the pollen transmission130
rate is αH. We refer to the parameter β as the vector transmission coefficient and to the131
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parameter α as the pollen transmission coefficient.132
More specifically, it is shown in Appendix B that one can express the vector transmission133
coefficient β as the product of five parameters: β = εϑΦ2U/Λ, where ε is the probability134
that a viruliferous vector inoculates the virus to an uninfected plant, ϑ is the probability135
that a vector feeding on an infected plant acquires the virus, Φ2 is the square of the vector136
feeding rate, U is the total vector density and finally, 1/Λ is the mean time during which137
transmission occurs. The parameter most subject to evolutionary pressure acting on β138
may be the acquisition rate ϑ since specific molecular interactions may occur between the139
virus and the vector receptors.140
During the growing season, t to t+ τ , the healthy and infected plant densities are141
modeled as a system of differential equations with initial conditions H(t) and I(t),142
dH(s)
ds =−
(
α+ β
T (s)
)
H(s)I(s) , dI(s)ds =
(
α+ β
T (s)
)
H(s)I(s) (1)
for t ≤ s ≤ t+ τ . Since the total plant density is constant, T (s) = T (t), the healthy and143
infected plant densities at the end of the growing season can be easily computed (Appendix144
C):145
H(t+ τ) = T (t)
1 +
(
T (t)
H(t) −1
)
exp((αT (t) +β)τ)
I(t+ τ) = T (t)−H(t+ τ).
(2)
For the remainder of the year, we model the dynamics as a simple difference equation.
Let bH and bI denote the average number of seeds produced per healthy or infected plant,
respectively. We assume that the virus infects both the maternal plant and the seeds.
Thus, only infected plants produce infected seeds. In addition, seed production by infected
plants is lower than healthy plants and on average more than one seed is produced per
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Table 1: Model parameters and variables.
Variable Definition Parameter Definition
t time in years, t= 0,1,2, . . . bH number of seeds per healthy plant
T (t) total plant density bI number of seeds per infected plant
H(t) healthy plant density p= 1− q seed transmission probability
I(t) infected plant density α pollen transmission coefficient
β vector transmission coefficient
λ density-dependent scaling factor
τ length of the growing season
healthy plant,
bI < bH and bH > 1.
If vertical transmission is perfect, all seeds produced by an infected plant are infected but146
if not, only a proportion p produced is infected and the remaining proportion q = 1−p is147
not infected. The seeds that survive germinate into either healthy or infected seedlings.148
We assume competition and overcrowding between neighboring seedlings reduces the149
total density of healthy and infected plants (Geritz et al. 1999). Density-dependent effects150
apply equally to healthy and infected seedlings. We apply a well-known form for plant151
density-dependence due to de Wit (1960) (also known as Beverton-Holt density-dependence152
in animal populations). Therefore, the discrete-time model for the remainder of the year,153
t+ τ to t+ 1, is154
H(t+ 1) = bHH(t+ τ) + qbII(t+ τ)1 +λT (t+ τ)
I(t+ 1) = pbII(t+ τ)1 +λT (t+ τ) ,
(3)
where λ is a density-dependent scaling factor.155
Combining equations (2) and (3), the semi-discrete model can be expressed as a dif-156
ference equation for healthy and infected plants (Appendix C). Table 1 is a list of the157
parameters and variables for the model.158
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We summarize some of the dynamics of the ecological model (2)–(3). The disease-free159
equilibrium (DFE) value for healthy plants is160
H¯ = bH −1
λ
.
We define the basic reproductive number of the virus R0 as the number of infected seeds161
resulting from the introduction, at the beginning of the growing season, of an infected162
plant into a fully healthy population, relative to the mean number of seeds produced by a163
healthy plant:164
R0 = pbI
bH
exp
(
(β+αH¯)τ
)
.
If viral transmission is purely vertical, limited only to seed transmission (α = 0 = β),165
then it can be seen that R0 < 1. That is, this simple model shows that purely vertical166
transmission of a virus through the seed cannot maintain the virus in the host population167
(Fine 1975). However, if viral transmission is either both pollen/seed-transmitted but not168
vector-transmitted (β = 0), or both vector/seed-transmitted but not pollen transmitted169
(α = 0), then R0 may be greater than 1. Our annual plant model shows that pollen or170
vector transmission may be able to maintain the virus within the host population. But there171
are differences due to the transmission mechanisms. That is, pollen transmission coefficent172
(α) is associated with plant density H¯ (density-dependent transmission), whereas this is173
not the case for vector transmission coefficient (β; frequency-dependent transmission).174
Following Lipsitch et al. (1996), we focus on the case p = 1 (perfect vertical transmis-175
sion), and bI > 1 (so that the plant population persists). An important quantity is the176
basic reproductive number of a healthy host introduced into a fully infected population:177
R0 = bH
bI
exp
(
−
(
α
bI −1
λ
+β
)
τ
)
︸ ︷︷ ︸
Prob. to escape infection
,
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that we call the dual of R0. The term dual implies an invasion threshold for healthy plants178
to invade a population consisting entirely of infected plants. That is, R0 is the expected179
number of healthy seeds produced by a healthy plant relative to an infected plant given180
that it may be infected by vector or pollen coming from a fully infected population. If181
both R0 > 1 and R0 > 1, then infected and healthy plants can invade each other when182
rare, so coexistence of healthy and infected plants is protected (Kisdi and Geritz 2003;183
Figure 1). More generally, coexistence of healthy and infected plants is possible if and184
only if R0 > 1 and R0 > 1. Importantly, the coexistence of healthy and infected plants is185
impossible without pollen transmission (α = 0) (Appendix C).186
3. Evolutionary analysis187
From an evolutionary perspective, one may expect vector (frequency-dependent) trans-188
mission (β) to be selected against pollen (density-dependent) transmission (α) at low pop-189
ulation density, and conversely (Thrall et al. 1998). However, plant population density in190
turn depends on the virus characteristics, which creates an eco-evolutionary feedback loop.191
Furthermore, polymorphism may occur because pollen transmission is density-dependent192
while vector transmission is frequency-dependent (Thrall and Antonovics 1997).193
To account for these phenomena, we follow an adaptive dynamics approach (Metz194
et al. 1992; Dieckmann and Law 1996; Geritz et al. 1998; Diekmann 2004). To address195
the evolution of plant virus transmission pathways, the single-strain model is extended to196
n virus strains (Appendix D) which differ in their abilities to be seed-transmitted (bI),197
pollen-transmitted (α), or vector-transmitted (β). We consider a plant population infected198
with n = 2 virus strains, Ii, i = 1,2. Let x1 = (α1,β1, b1) be the resident phenotype and199
let x2 = (α2,β2, b2) be the mutant phenotype. We assume the mutant initially represents200
a relatively small subpopulation as compared to the resident. That is, I2 I1.201
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Following (Metz et al. 1992), we are interested in testing whether the mutant can invade.202
In particular, if the long-run growth-rate is negative, i.e.203
lim
t→∞
1
t
log
(
I2(t)
I2(0)
)
< 0 , (4)
the mutant cannot invade the resident. Assuming that the resident population with pheno-204
type x1 is at an ecological equilibrium corresponding to coexistence of healthy and infected205
plants, we define an evolutionary invasion condition (Appendix D) as206
log
(
I2(1)
I2(0)
)
= log(b2)− log(b1)︸ ︷︷ ︸
seed
transmission
+(α2−α1)H˜1τ︸ ︷︷ ︸
pollen
transmission
+(β2−β1)H˜1
Tˆ1
τ︸ ︷︷ ︸
vector
transmission
> 0 , (5)
where the terms H˜1 and Tˆ1 are defined as the mean healthy host and total host density at207
the ecological equilibrium corresponding to the resident phenotype x1 = (α1,β1, b1).208
Equation (5) shows the relative importance of the differences between the bi’s and the209
αi’s or the βi’s, i = 1,2. The difference between the αi’s and the βi’s are respectively210
weighted by the mean density and the mean frequency of healthy hosts at the equilibrium211
shaped by the resident population. For instance, the greater the mean healthy host density212
at equilibrium H˜1, the greater the value of pollen transmission α as compared to seed213
transmission bI .214
Pollen versus vector transmission. To consider a trade-off between pollen and vector trans-215
mission, we assume seed transmission is a constant (b1 = b2 = bI) and let216
βi = f(αi) , i= 1,2,
with f a decreasing function (f ′(α) < 0). Let the difference between healthy and infected217
plants intrinsic growth rates be218
B = 1
τ
log
(
bH
bI
)
= logbH
τ
− logbI
τ
.
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To make sure that the resident equilibrium corresponds to a case of coexistence between219
healthy and infected plants, we restrict our attention to resident α values such that R0 > 1220
and R0 > 1, i.e. to α values such that221
B−αbH −1
λ
< f(α)<B−αbI −1
λ
.
That is, we start from a (α,β) point within the triangular region formed by the three points222
(Figure 1):223
(0,B) ,
(
Bλ
bH −1 ,0
)
,
(
Bλ
bI −1 ,0
)
.
The area of the coexistence region between healthy and infected plants is:224
A= 12B
2λ
( 1
bI −1 −
1
bH −1
)
= 12
[
1
τ
log
(
bH
bI
)]2
λ
( 1
bI −1 −
1
bH −1
)
.
Note that it is proportional to λ (the density dependent scaling factor for plants) and225
inversely related to τ (the proportion of the year corresponding to the growing season).226
We use the following invasion fitness proxy, sign-equivalent to the invasion condition (5):227
s(α1,α2) = (α2−α1) Tˆ (α1) +f(α2)−f(α1) , (6)
with Tˆ (α1) = Tˆ1 (the total equilibrium host density as a function of the resident trait α1).228
The dynamics of s(α1,α2) as a function of α2 determine the evolutionary trajectory.229
We now take advantage of the fact that we have an expression of Tˆ (α) (Appendix C):230
Tˆ (α) = B−f(α)
α
. (7)
Note that the total plant density at endemic (or healthy and infected plants coexistence)231
equilibrium Tˆ (α) does not depend on λ (intraspecific competition among plants). Using232
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Figure 1: Upper row. Evolutionary dynamics in the plane (α,β) along the trade-off curve β = f(α)
(vector versus pollen transmission). The arrows represent the direction of evolution. The evolutionarily
stable point indicated by a ? (corresponding to α?) is an evolutionary repelling point (convex trade-off) or
an evolutionary endpoint (concave trade-off). It is such that the tangent of the trade-off function (dashed
line) passes through the point (0,B) (the upper left corner). The white triangle region corresponds to
coexistence of healthy and infected plants (R0 > 1 and R0 > 1), while the light gray regions correspond
to either virus extinction (R0 < 1 and R0 > 1), or virus fixation in the plant population (R0 > 1 and
R0 < 1). Parameter values are: B = 1, bH = 2, bI = 1.5, λ= 1 (so τ ≈ 0.3), and f(α) = (1−aα)/(d+ cα),
with a = 1/2.5, d = 1/1.5, and c = 1 (convex trade-off), and a = 1/1.25, d = 1/0.8, c = −0.6 (concave
trade-off). Lower row. Total, healthy and infected host densities at equilibrium Tˆ (solid black curves),
Hˆ (solid gray curves) and Iˆ (dashed gray curves) for a monomorphic resident population, as a function
of its trait α (pollen transmission), for the remaining parameter values fixed. Lower left panel: Tˆ lower
bound corresponds to the susceptible-free equilibrium (SFE; virus fixation in the plant population), i.e.
Tˆ = I¯ = (bI − 1)/λ = 0.5. Lower right panel: Tˆ upper bound corresponds to the disease-free equilibrium
(DFE; absence of virus in the plant population), i.e. Tˆ = H¯ = (bH −1)/λ= 1.
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this expression in the invasion fitness proxy (6) yields:233
s(α1,α2) =
α2−α1
α1
(B−f(α1)) +f(α2)−f(α1) ,
= α2
B−f(α1)
α1
−B+f(α2) ,
= α2Tˆ (α1)−B+f(α2) .
Since the invasion fitness proxy is both 1-dimensional and monotone in the environ-234
mental variable Tˆ , there is an optimization principle (Metz et al. 2008, Gyllenberg and235
Service 2011): in the pollen versus vector trade-off case, evolution minimizes total host236
plant density Tˆ (Figure 1). An evolutionary singular point α? is such that237
Tˆ ′(α?) =− 1
α?
(
f ′(α?) + Tˆ (α?)
)
= 0 ,
which can be expressed in an equivalent form as238
B−α?f ′(α?) = f(α?) .
Therefore, at an evolutionary singular point, the tangent line of the trade-off function passes239
through the point (0,B) (Figure 1; Smith and Fretwell 1974; van Baalen and Sabelis 1995).240
Also, we have241
Tˆ ′′(α) =− 1
α
f ′′(α) .
The latter equation shows that the convexity of the trade-off function f(α) is the opposite to242
that of the function Tˆ (α), which determines the direction of evolution. For example, if the243
trade-off function is convex (concave) for all possible α values, then the total host density244
Tˆ (α) is concave (convex) for all possible α values as well. If there exists an evolutionary245
singular point α?, Tˆ (α) has therefore a maximum (minimum), which is an evolutionary246
repelling (attracting) point (Figure 1). More generally, for the trade-off between pollen247
and vector transmission, two evolutionary outcomes are possible.248
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(1) If the trade-off is locally convex (f ′′(α?)> 0), then the evolutionarily singular point249
α? is an evolutionary repelling point.250
(2) If the trade-off is locally concave (f ′′(α?)< 0), then the evolutionarily singular point251
α? is a potential evolutionary endpoint.252
As a corollary of the optimization principle, beginning from a monomorphic popula-253
tion, evolutionary branching (through an attracting but unstable evolutionarily singular254
point) and the divergence of strains specializing on pollen or vector transmission, is not255
possible. Also, our graphical analysis (Figure 1) shows that evolutionary extinction (Boots256
and Sasaki 2003; Parvinen 2005) is not possible for simple convex or concave trade-off257
functions. More generally, evolutionary extinction through the collision of two possible258
equilibria (here the endemic and disease-free equilibria) cannot occur through optimizing259
selection (Gyllenberg and Parvinen 2001; Parvinen and Dieckmann 2013; but see Boldin260
and Kisdi 2015).261
In the case of a simple convex trade-off, evolution leads to virus fixation in the plant262
population (Figure 1) unless lower and upper bounds on pollen transmission coefficient263
prevent the dynamics from leaving the coexistence region. In this case there is evolution-264
ary bistability: minimum pollen/maximum vector and maximum pollen/minimum vector265
transmission coefficients are both potential evolutionary endpoints, depending on initial266
conditions.267
In the case of a simple concave trade-off, there is an intermediate evolutionarily sta-268
ble mix between pollen and vector transmission (α?). It is not possible to express α? as269
a function of the parameters without specifying a trade-off function. Nevertheless, our270
graphical analysis (Figure 1) shows that α? does not depend on λ (intraspecific compe-271
tition among plants). Also, the investment into pollen (density-dependent) versus vector272
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(frequency-dependent) transmission coefficient α? increases with B = log(bH/bI)/τ . The273
total plant density Tˆ (α) in equation (7) also increases with B, which favors pollen trans-274
mission. Therefore, climatic or latitudinal changes that increase the growing season length275
τ (Jansen and Mulder 1999) promote vector over pollen transmission, and conversely. Also,276
if virulence is defined as the relative impact of infection on host plant fecundity (O’Keefe277
and Antonovics 2002; O’Keefe 2005), then selecting for host tolerance (decreasing virulence278
bH/bI) also selects for vector transmission over pollen transmission.279
Seed versus vector transmission. A similar analysis performed for a trade-off between seed280
and vector transmission does not lead to the same conclusions (Appendix D). Firstly,281
numerical results show that evolutionary branching is possible, leading to coexistence of282
non-vector-borne and vector-borne virus strains (Figure 2). Moreover, an evolutionary283
repelling point may prevent the early evolution of vector transmission (Figure 2D lower left284
corner). Secondly, even when evolution leads to a monomorphic intermediate investment285
into vector transmission, the dependence of the evolutionarily stable vector transmission286
coefficient β? on the parameters is dramatically changed. For instance, Figure 3 shows that287
with a concave trade-off between seed and vector transmission, the vector transmission288
coefficient may289
• decrease with increasing growing season length (τ),290
• decrease with decreasing virulence (defined as bH/bI),291
• increase with increasing intraspecific competition among plants (λ).292
4. Discussion293
Plant viruses have evolved various means for transmission. Focusing on annual plant294
hosts, some +ssRNA viruses have evolved mechanism(s) for transmission via vectors, pollen295
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Figure 2: (A,B) Total, healthy and infected host densities at equilibrium Tˆ , Hˆ and Iˆ for a monomorphic
resident population, as a function of its trait β (vector transmission; x-axis). (C,D) Pairwise Invasibility
Plot (PIP) representing the sign of the invasion fitness proxy s(β1,β2) in the plane (β1,β2); the resident
trait β1 is on the x-axis and the mutant trait β2 is on the y-axis. (E-F) Evolutionary trajectories based
on the multi-strain model (Appendix D) in the (β,m) plane, where m is the number of random mutations
which occur at a frequency of 1/10000 year; the y-axis is the evolutionary time. The virus population is
structured on trait β, which can take n= 100 values between 0 and 1 (E) or 0 and 1.5 (F) on the x-axis.
The initial population is monomorphic with trait β ≈ 0.1 (E) or β ≈ 0.4 (F) and gradually evolves up to an
evolutionary singular point β?, which is either an evolutionary endpoint (E) or a branching point (F). In
(A–F), parameter values are bH = 2, α= 1, λ= 1, and τ = 0.3, with trade-off function between vector (β)
and seed (bI) transmission equal to bI = bI exp(g(β)), with g(β) = −0.1βa, bI = 1.5 and a = 1.5 (A,C,E;
g(β) concave) or a= 0.5 (B,D,F; g(β) convex).
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Figure 3: The evolutionarily stable vector transmission coefficient β? as a function of infected plant
fecundity (bI), healthy plant fecundity (bH), the duration of the growing season (τ), and the density-
dependent scaling factor λ. Default parameter values are bH = 2, α = 0.5,1,1.5 (dotted, dashed, and
solid curves, resp.), λ = 1, and τ = 0.3, with concave trade-off function between vector (β) and seed (bI)
transmission equal to bI = bI exp(g(β)), with g(β) =−0.1βa, bI = 1.5 and a= 1.5 (g(β) concave).
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and seed (Table A.3) whereas others seem incapable of being transmitted in this manner296
and seem transmitted only by vectors (Table A.2). Yet other +ssRNA viruses have evolved297
mechanisms for both seed and pollen transmissibility (Table A.1). Viruses vary in the298
modes of transmission, which is likely due to genetic differences among species and strains of299
virus among host species and within a host population (Johansen et al. 1994, 1996; Domier300
et al. 2007, 2011). Restricting our study to the case of annual plants, we addressed the301
questions: under what circumstances does vector transmission make pollen transmission302
redundant? Can evolution lead to the coexistence of multiple virus transmission pathways?303
How do climatic changes and host adaptation/breeding influence vector transmission?304
Ecological points. The semi-discrete ecological model we developed included three modes305
of transmission: vector, pollen and seed. The basic reproductive number R0 was derived,306
and hence conditions for its value to be greater than one. When limited only to seed trans-307
mission the value was less than one, indicating that purely vertical transmission through308
seed cannot maintain the virus in the host population; this result is due to the assump-309
tion of fecundity costs associated with viral infection (Busenberg and Cooke 1993; Lipsitch310
et al. 1996; Lively et al. 2005; Faeth et al. 2007). If, however, either pollen (density-311
dependent transmission) or vector transmission (frequency-dependent transmission) are312
included with seed transmission, then the virus can be maintained in the host popula-313
tion. Conditions were checked for the co-existence of healthy and infected plants. The314
main conclusions with perfect (100%) vertical transmission in a single host population are315
summarized below:316
(i) Pollen-seed transmission: coexistence of healthy and infected plants is possible.317
(ii) Vector-seed transmission: coexistence of healthy and infected plants is not possible.318
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Table 2: Summary of evolutionary results. Depending on whether the trade-off is locally convex or
concave, an evolutionarily singular point may be stable or unstable, and attractive or repulsive. In the
convex case for seed vs vector, the evolutionary singular point may be an unstable attractor, i.e. an
evolutionary branching point, or an unstable repellor (Figure 2D). In the concave case for seed vs vector,
the evolutionary singular point may be both stable and attracting, i.e. a potential evolutionary endpoint
(Figure 2C), yet we cannot rule out the possibility that in some cases it is both stable and evolutionarily
repelling, i.e. an evolutionary “Garden of Eden” (Diekmann 2004).
trade-off pollen vs vector seed vs vector
locally convex unstable repellor unstable
locally concave stable attractor stable
The results for vector-seed transmission (Appendix C) are consistent with continuous-319
time theory with vertical transmission and frequency-dependent horizontal transmission320
(Getz and Pickering 1983; May et al. 1988; Thrall et al. 1995; Altizer and Augustine 1997).321
With frequency-dependent horizontal transmission, the threshold for disease spread does322
not depend on density. Consequently, either the infection causes healthy host extinction or323
reproduction of healthy individuals “outstrips” disease reproduction (Thrall et al. 1993).324
Evolutionary insights. The ecological model was used to explore the evolution of vector325
versus pollen/seed transmission. The evolutionary results are summarized in Table 2.326
We found that mixing vector and pollen/seed transmission may be evolutionarily stable.327
Besides, non-vector-borne and vector-borne variants may evolve from a single ancestral328
strain and coexist in the long run. The main conclusions from the evolutionary analysis329
depend on the particular trade-offs and are summarized below:330
(i) Pollen versus vector transmission:331
(a) Convex trade-off: a mix between pollen and vector transmission is evolutionarily332
repelling; pollen or vector transmission make the other transmission mode re-333
dundant. This situation may lead to evolutionary bistability between maximum334
pollen/minimum vector and minimum pollen/maximum vector transmission.335
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(b) Concave trade-off: evolution promotes a mix between pollen and vector trans-336
mission; vector transmission does not make pollen transmission redundant, and337
conversely. Evolution leads to coexistence of infected and healthy plants.338
• climatic changes increasing the growing season length promote vector trans-339
mission over pollen transmission340
• increasing tolerance (decreasing virulence) promotes vector transmission341
over pollen transmission342
(ii) Seed versus vector transmission:343
(a) Convex trade-off: evolutionary branching between seed and vector transmission344
is possible345
(b) Concave trade-off: an evolutionary stable mix between seed and vector trans-346
mission is possible.347
In the latter case, the impacts of climatic changes or host adaptation/breeding may348
be at odds with those observed for a trade-off between pollen and vector transmission.349
The evolutionary dynamics of pollen (density-dependent) versus vector (frequency-350
dependent) transmission are comparable to those previously reported by Thrall et al. (1998),351
who considered additional trade-offs with host mortality or fecundity. Here, we showed that352
an evolutionarily stable (or repelling) mix of frequency- and density-dependent transmis-353
sion is possible with no additional trade-off.354
Similarly, the evolutionary dynamics of seed (vertical) vs vector (frequency-dependent355
horizontal) transmission are comparable to those previously reported by Bernhauerova´ and356
Berec (2015), who considered an additional trade-off with host mortality. We showed that357
evolutionary branching is possible with no additional trade-offs. However, this result indi-358
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cates that a tripartite trade-off between plant (both pollen and seed) and animal (vector)359
transmission would make it possible for evolutionary branching to occur as well. We also360
showed that bistabilty may prevent early evolution of vector transmission. Altogether,361
our results indicate that a trade-off between vertical and horizontal frequency-dependent362
transmission may yield comparable evolutionary outcomes as a trade-off between vertical363
and density-dependent horizontal transmission (Ferdy and Godelle 2005; van den Bosch364
et al. 2010).365
Our results may also be interpreted in terms of virulence (defined as having a negative366
impact on host fitness; Froissart et al. 2010). Indeed, we associated seed (vertical) trans-367
mission with infected host fecundity due to the assumption that vertical transmission is368
perfect. Selecting for seed transmission (or infected plant fecundity) versus vector trans-369
mission corresponds to selecting against virulence in our study. Rephrasing our results, we370
found that a trade-off between virulence and vector transmission may lead to the emer-371
gence and co-existence of virulent vector-borne strains and less virulent, non-vector borne372
strains.373
Figures 1 and 2 show that for a trade-off between pollen and vector transmission,374
evolution tends to maximize infected host density and to minimize healthy host density,375
whereas it is not the case for a trade-off between vector and seed transmission; there is376
no optimization principle in this case. From an epidemiological and control perspective,377
our results indicate that a trade-off between pollen and vector transmission may lead to a378
higher prevalence of infection than a trade-off between vector and seed transmission. It is379
therefore important to further investigate possible trade-offs in plant viruses.380
Limits and perspectives. Several restrictions were made in developing the ecological model.381
Foremost among them was the restriction to an annual plant species. In principle the382
22
model could easily be extended to a biennial system, where flowering and hence seed set383
normally occurs in the second year (e.g. some compositae have a rosette form as a first384
year seedling). Although seed and pollen transmission have been reported for many woody385
perennials (Bristow and Martin 1999; Guerri et al. 2004; Card et al. 2007; Aramburu386
et al. 2010; Martin et al. 2010), investigating a perennial system would rather require a387
continuous-time model. The role of a seed bank could also be considered, depending on388
whether data are available on virus survival in seed.389
Second, our annual plant model focused on non-persistent vector transmission and390
ignored vector migration. The latter may be important in cases where there is asynchronous391
planting and an available source of susceptible hosts (e.g. in the tropics). Alternatively,392
the virus may be acquired from wild perennials where there is a virus reservoir. Our model393
is a better fit for plant viruses specific to annual plants in temperate climates. Extending394
our study to semi-persistent or persistent vector transmission would require making vector395
population dynamics explicit (Appendix B). This extension would increase the model396
complexity, but may lead to more general results in the pollen versus vector trade-off case.397
Third, our model did not account for possible Allee effects associated with pollen-398
limitation. That is, the observation that as total plant density decline, pollination efficiency399
may decline as well and the plant population may eventually go extinct. If evolution400
decreases total host density (as in Figure 1), such an Allee effect might result in the401
evolutionary extinction of both the plant and virus populations. We leave this issue for402
future research.403
Last, we made the common assumption that plant viruses are parasites which exploit404
host resources. Thus an infected host cannot be more fit than a non-infected host (bI < bH).405
However, considering a virus that has neutral or positive effects on plant fecundity (bI ≥ bH)406
together with imperfect vertical transmission (p < 1) (otherwise the virus trivially invades407
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the plant population) is a promising avenue to address timely questions related to viral408
symbiosis evolution (Ferris et al. 1989; Michalakis et al. 1992; Xie et al. 1994; Friess and409
Maillet 1996, 1997; Remold 2002; Xu et al. 2008; Roossinck 2011; Prendeville et al. 2014;410
Roossinck 2015).411
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Appendix A. Data420
A list of 30 plant viruses that are positive-sense single-stranded RNA (+ssRNA), have421
a primary host with an annual life history, and that are transmitted both vertically (via422
seed or pollen) as well as horizontally, specifically via insect vectors, was made (Table423
A.3). Compilations of vertically-transmitted plant viruses, taken from (Harris et al. 1980;424
Mink 1993; Card et al. 2007; Sastry 2013) were verified and expanded upon based on the425
current literature (Table A.1). Nomenclature was verified based on the International Com-426
mittee of Taxonomy of Viruses (ictvonline.org/virusTaxonomy.asp). For each virus427
the type of insect vector, mode of vector transmission, percentage of vertical transmis-428
sion, and life history of the plant host was noted. Virus biology was obtained from the429
current literature and the Description of Plant Viruses (www.dpvweb.net with record num-430
bers presented), whereas plant life history was determined using the US Plant Database431
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(http://plants.usda.gov). Viruses were excluded from this summary if: (1) the primary432
host has a perennial life history, or (2) they are transmitted only by mites, fungi, nema-433
todes, thrips, or by mechanical transmission. Where specific cases are directly supported434
by the literature they are categorized according to: plant (seed, pollen) transmission with435
no known vector (Table A.1), animal (vector) transmission only (Table A.2), and both436
plant (seed, pollen) and animal (vector) transmission (Table A.3).437
A qualification to be made is that whereas vector relationships are expected to be the438
same within a virus genus, there is no such expectation for seed/pollen transmission, which439
is not a taxonomic criterion. Also, the data presented aggregate strains of the same virus440
species across host species.441
Evolution of seed transmission inferred from phylogeny. Vertical transmission of +ssRNA442
viruses occurs in eight virus families (Tables A.3-A.1), which suggests that vertical trans-443
mission is an ancestral trait or it has arisen multiple times. However, the phylogeny of444
+ssRNA virus families is a polytomy (Stuart et al. 2006), thus making it impossible to445
determine the evolutionary origin of seed transmission of viruses. The resolution of virus446
relationships is greater within families and genera and these phylogenies suggest that seed447
transmission has arisen multiple times (Codon˜er and Elena 2008; Gibbs and Ohshima 2010;448
Thompson et al. 2014). However, since recombination is more likely in some +ssRNA449
virus families, e.g. Bromoviridae and Potyviridae (Chare and Holmes 2006; Codon˜er and450
Elena 2008) than others, the potential exists that seed transmission was acquired through451
recombination. Moreover, some viral strains utilized in phylogenetic analyses have derived452
from “laboratory strain” where domains for vector transmission may have been altered as a453
result of continuous mechanical transmission by sap inoculation, e.g. (Ng and Perry 1999).454
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Evolution of pollen/seed transmission. Whether seed/pollen transmission preceded vector455
transmission during the course of evolution is a challenging issue (Power 2000). In most456
cases, the information available refers to extant crop viruses of recent origin, sometimes only457
decades to centuries old (Gibbs and Ohshima 2010). Very little information is available on458
viruses in wild plant species, where the influence of agriculture in its many manifestations459
has not been so pronounced. Based on the phylogenetic evidence alone (Appendix A), it is460
not possible to conclude on the evolutionary trajectories that have led to the extant plant461
viruses: i.e. some seed/pollen transmitted viruses may have their origin as purely plant462
viruses, with the vector association evolving subsequently (Table A.3) or not (Table A.1).463
The obverse interpretation of Table A.1 would be that these viruses have gained the ability464
to be seed/pollen transmitted but lost the ability to be vector-transmitted.465
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Appendix B. Frequency-dependent vector transmission and a simplification466
Following (Ross 1911; Bacae¨r 2011), let I(s) and V (s) be the infected plant and vir-467
uliferous vector densities at time s in the growing season, respectively. For simplicity, we468
assume that total plant and vector densities T and U are constant during the growing469
season. Let Φ be the vector feeding rate, ϑ be the probability that when a vector feeds470
on an infected plant it acquires the virus, ε be the probability that a viruliferous vector471
inoculates the virus to an uninfected plant, and Λ be the rate at which the vector loses the472
ability to inoculate the virus. Therefore, the model takes the form:473
dI(s)
ds = ΦV (s)
T − I(s)
T
ε,
dV (s)
ds = Φ(U −V (s))
I(s)
T
ϑ−ΛV (s) .
(B.1)
Let474
s∗ = Φεs , I∗ = I
T
, V ∗ = V
U
. (B.2)
The dimensionless vector-plant model simplifies to475
dI∗
ds∗ =
U
T
V ∗(1− I∗) ,
ε
dV ∗
ds∗ = ϑ(1−V
∗)I∗− ΛΦV
∗ .
(B.3)
Assuming ε 1 (the probability to inoculate the virus during a feeding event is low),476
we apply the quasi-steady state approximation to the second equation to yield the density477
of viruliferous vector V ∗ directly in terms of the density of infected plant I∗ (Keeling and478
Rohani 2008) as479
V ∗ = I
∗
I∗+ ΛϑΦ
≈ ϑΦΛ I
∗ , (B.4)
since Λ ϑΦI∗ (the virus is non-persistent). Letting β = εϑΦ2U/Λ yields480
dI(s)
ds ≈
β
T
I(s)(T − I(s)) . (B.5)
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Appendix C. Ecological model481
Appendix C.1. Dynamics of healthy and infected plants482
The total plant population T (s) remains constant within the growing season, T (s) =483
T (t), t≤ s≤ t+τ , T (t) =H(s)+I(s). We can substitute T (t)−H(s) for I(s) which yields484
a single differential equation for infected plants:485
dI(s)
ds =
(
α+ β
T (t)
)
I(s)(T (t)− I(s)) = (αT (t) +β)I(s)
(
1− I(s)
T (t)
)
, t≤ s≤ t+ τ. (C.1)
The preceding equation is the Verhulst logistic equation, for which an explicit solution is486
known. At time t+ τ , the solution takes the form:487
I(t+ τ) = T (t)
1 +
(
T (t)
I(t) −1
)
exp(−(αT (t) +β)τ)
. (C.2)
Similarly,488
H(t+ τ) = T (t)
1 +
(
T (t)
H(t) −1
)
exp((αT (t) +β)τ)
. (C.3)
For simplicity, we focus on the case p = 1− q = 1 (perfect vertical transmission), and489
bI > 1 (infected plants produce in average more than one seed, so the plant population490
persists). In this case, equation (C.3) simplifies the semi-discrete ecological model to the491
following discrete-time formulation:492
H(t+ 1) = bHH(t+ τ)1 +λT (t+ τ) =
bH
1 +λT (t)
T (t)
1 +
(
T (t)
H(t) −1
)
exp((αT (t) +β)τ)
,
T (t+ 1) = bHH(t+ τ) + bI(T (t)−H(t+ τ))1 +λT (t+ τ) .
(C.4)
It can be easily demonstrated that solutions are bounded and nonnegative. In addition, if493
bI > 1, the plant population persists; the total plant density is bounded below by a positive494
constant.495
Since bI > 1 and p= 1, there exists a susceptible-free equilibrium (SFE) (in addition to496
the disease-free equilibrium DFE) which is found by setting H = 0 and solving for T . The497
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SFE value for T = I is498
I¯ = bI −1
λ
. (C.5)
Linearizing the difference equation (C.4) for the healthy host H about the SFE, we499
obtain a reproductive number corresponding to a healthy host introduced into a fully500
infected population:501
R0 = bH
bI
exp
(
−
(
αI¯+β
)
τ
)
. (C.6)
The notation R0 stands for the dual of R0. If R0 > 1 then the SFE is unstable. If both502
R0 > 1 and R0 > 1, then infected and healthy plants can invade each other when rare, so503
coexistence of healthy and infected plants is protected (Kisdi and Geritz 2003). It follows504
that505
R0R0 = exp
(
α
(
H¯− I¯
)
τ
)
= exp
(
α
(
bH − bI
λ
)
τ
)
> 1 . (C.7)
Therefore, the conditions R0 < 1 and R0 < 1 are mutually exclusive. Conversely, one or506
both of the reproduction numbers must be greater than one. When they are both greater507
than one, coexistence of healthy and infected plants occurs. Moreover, in Appendix C.2508
it is shown that there exists a unique endemic equilibrium (EE) if and only if R0 > 1 and509
R0 > 1. Note that coexistence of healthy and infected plants is impossible in absence of510
pollen transmission (α= 0), since in this case, R0R0 = 1. Based on numerical simulations,511
we conjecture that there are three ecologically relevant cases when bI > 1:512
(1) If R0 < 1 and R0 > 1, then the DFE is globally stable.513
(2) If R0 > 1 and R0 > 1, then the EE is globally stable.514
(3) If R0 > 1 and R0 < 1, then the SFE is globally stable.515
Simulations performed for q= 1−p 1 (slightly imperfect vertical transmission) showed516
similar results to the case p= 1.517
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Appendix C.2. Endemic equilibrium existence518
For model (C.4) with bI > 1 and p= 1, there exist at most three equilibria in the (H,T )519
plane, SFE, DFE and EE:520
(0 , I¯) ,
(
H¯ , H¯
)
, and (Hˆ , Tˆ ) , (C.8)
with521
Tˆ =
log
(
bH
bI
)
−βτ
ατ
, (C.9)
and522
Hˆ = Tˆ bH
bH − bI

λ
[
log
(
bH
bI
)
− (αI¯+β)τ
]
λ
[
log
(
bH
bI
)
−βτ
]
+ατ
 . (C.10)
Feasibility of the EE requires Tˆ > 0. Given Tˆ > 0, the fraction on the right side of the523
preceding expression is positive if and only if R0 > 1. But R0 > 1 implies Tˆ > 0. Lastly,524
Hˆ/Tˆ < 1 if and only if R0 > 1. Thus, a unique EE exists if and only if R0 > 1 and R0 > 1.525
We emphasize this case in the evolutionary model, where each strain may be able to invade526
the other.527
Appendix D. Evolutionary model528
Appendix D.1. Multi-strain dynamics529
We extend the single-strain model (C.4) to n virus strains, Ii, with traits (αi,βi, bi),530
i = 1, . . . ,n. Let the total host population density be T = H +∑ni=1 Ii. We assume there531
is no co-infection of the same plant by two viral strains. During the growing season, the532
model is533
dIi
ds =
(
αi+
βi
T (t)
)
Ii(s)H(s) , t≤ s≤ t+ τ, (D.1)
for i = 1, . . . ,n, where H(s) = T (t)−∑ni=1 Ii(s). For n ≥ 2 strains, an explicit solution in534
terms of the state variables is not possible. Therefore, unlike the single-strain model, the535
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multi-strain model does not simplify to a difference equation.536
We now reintroduce the parameter p= 1−q, accounting for possibly imperfect vertical537
transmission, to later stress that the results arising from the evolutionary invasion analysis538
hold regardless of the perfect vertical transmission assumption (p= 1, q = 0).539
During the remainder of the year, t+ τ to t+ 1, the model is540
H(t+ 1) = bHH(t+ τ) +
∑n
i=1 qbiIi(t+ τ)
1 +λT (t) ,
Ii(t+ 1) =
pbiIi(t+ τ)
1 +λT (t)
(D.2)
for i= 1, . . . ,n. The annual cycle (D.1)-(D.2) repeats.541
Appendix D.2. Evolutionary invasion analysis542
We assume that a mutant strain I2 challenges a resident strain I1, whose dynamics cycle543
from year to year, denoted as I◦1 (·) in the absence of the mutant. The mutant strain is544
assumed to be initially rare (I2(0) I1(0)) and to have virtually no impact on the resident545
dynamics I◦1 (·) during the first year. Also, let T ◦(·) and H◦(·) denote the total and healthy546
plant densities, respectively, that are initially shaped by the resident strain year-to-year547
equilibrium. That is, T ◦(0) = Tˆ1 > 0 and H◦(0) = Hˆ1 (Appendix B; the subscript 1 stresses548
that the equilibrium is shaped by the resident strain I1). It follows from equation (D.1)549
with n= 2 strains,550
dI2(s)
ds ≈
(
α2 +
β2
Tˆ1
)
I2(s)H◦(s) , 0≤ s≤ τ. (D.3)
Denote the mean density of the healthy host at the resident equilibrium as551
H˜1 =
1
τ
∫ τ
0
H◦(s)ds , (D.4)
then for H◦(s)≈ H˜1 and T ◦(s)≈ Tˆ1 during the first growing season yields552
I2(τ)≈ I2(0)exp
((
α2 +
β2
Tˆ1
)
H˜1τ
)
. (D.5)
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It follows from equation (D.2) with n= 2 strains,553
I2(1) =
pb2I2(τ)
1 +λTˆ1
. (D.6)
Thus, applying (D.5) and (D.6), we obtain the following invasion condition:554
I2(1)
I2(0)
≈
pb2 exp
((
α2 +
β2
Tˆ1
)
H˜1τ
)
1 +λTˆ1
> 1 . (D.7)
Using the fact that the resident population I1 is at an ecological equilibrium, i.e.555
I1(1)
I1(0)
≈
pb1 exp
((
α1 +
β1
Tˆ1
)
H˜1τ
)
1 +λTˆ1
= 1 , (D.8)
simplifies the invasion condition:556
I2(1)
I2(0)
≈
pb2 exp
((
α2 +
β2
Tˆ1
)
H˜1τ
)
pb1 exp
((
α1 +
β1
Tˆ1
)
H˜1τ
) . (D.9)
Hence, the mutant invasion fitness equals557
log
(
I2(1)
I2(0)
)
= log
(
b2
b1
)
+
[
(α2−α1) + (β2−β1)
Tˆ1
]
H˜1τ . (D.10)
Notice that the mutant invasion fitness does not depend directly on p, as imperfect trans-558
mission impacts every strain equally. However, Tˆ1 and H˜1 may depend on p.559
Appendix D.3. Seed versus vector transmission560
To consider a trade-off between seed and vector transmission, we assume pollen trans-561
mission is constant (α1 = α2 = α) and let562
bi = bI exp(g(βi)) , i= 1,2, (D.11)
where bI < bH is the biologically feasible maximum number of seeds per infected plant.563
Also, g(β) is negative and decreasing for all β, i.e., g(β) < 0 and g′(β) < 0. We define a564
new function as an invasion fitness proxy, sign-equivalent to the invasion fitness function565
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(D.10):566
s(β1,β2) = g(β2)−g(β1) + (β2−β1)E(β1) , (D.12)
where E(β) = τH˜(β)/Tˆ (β), with H˜(β1) = H˜1 and Tˆ (β1) = Tˆ1 (the mean healthy host and567
total host equilibrium densities as a function of the resident trait β1).568
The selection gradient G(β) is defined as the partial derivative of s(β1,β2) with respect569
to its second argument, evaluated at β1 = β2 = β. An evolutionary singular point β? is570
such that the selection gradient is zero:571
G(β?) = ∂s
∂β2
(β?,β?) = g′(β?) +E(β?) = 0 . (D.13)
Whether β? is evolutionarily stable is determined by the sign of the second derivative of s572
with respect to β2, evaluated at β1 = β2 = β?. Since573
∂2s
∂β22
(β?,β?) = g′′(β?) , (D.14)
whether the (log-)trade-off function g is concave or convex completely determines whether574
a singular point is evolutionarily stable or not, respectively.575
In addition, whether β? is evolutionarily attracting is determined by the sign of the576
derivative of the selection gradient with respect to β, evaluated at β?:577
G′(β?) = g′′(β?) +E′(β?) . (D.15)
A formula for E(β) can be expressed in terms of Tˆ (β). It follows from definition (D.4)578
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that579
τH˜(β) =
∫ τ
0
H◦(s)ds ,
= Tˆ (β)
 1
αTˆ (β) +β
log
 1H◦(0) Tˆ (β)1 +( Tˆ (β)H◦(0) −1
)
exp
(
(αTˆ (β) +β)τ
)
+ τ
 ,
= Tˆ (β)
[
1
αTˆ (β) +β
log
(
H◦(τ)
H◦(0)
)
+ τ
]
.
(D.16)
At equilibrium,580
H◦(0) = bHH
◦(τ)
1 +λTˆ (β)
. (D.17)
Thus,581
E(β) = τH˜(β)
Tˆ (β)
= 1
αTˆ (β) +β
log
(
1 +λTˆ (β)
bH
)
+ τ . (D.18)
However, the preceding formula for E still does not make condition (D.15) easily amenable582
to analysis. Therefore, the trade-off between seed and vector transmission is explored583
through numerical simulations.584
Appendix D.4. Numerical simulations585
Evolutionary computations in Figure 2 were realized from the multi-strain model (D.1-586
D.2) using the following algorithm. The evolving phenotype β ranges from 0 to the bi-587
ologically feasible maximum βM . The interval [0,βM ] is divided into a finite number of588
subintervals (here 100), each with length ∆β. The evolutionary dynamics are governed589
by the following iteration scheme. The scheme is initiated with a given value of β equal590
to one of the endpoints of the subintervals. Next, the ecological equilibrium is computed591
from the multi-strain model (here after a fixed time horizon of 10,000 years), then a small592
mutation ±∆β occurs in β with equal likelihood of being smaller or larger than β. Time593
is advanced by one unit in evolutionary time (10,000 years) and β is changed to either594
β+ ∆β or β−∆β. The evolutionary process continues with this new β value.595
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Simulations performed for q= 1−p 1 (slightly imperfect vertical transmission) showed596
similar results (including evolutionary branching) to the case p= 1.597
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